Raman scattering was used to study optical phonons in a Sil,Ge, strained-layer superlattice on c-Si(OO1) that was subjected to hydrostatic pressure at room temperature. The change of phonon frequency with pressure, do/dP, for the principal quasi-confined LO mode in the Ge layers, is found to be significantly smaller than that for bulk crystalline Ge. This difference is shown to be due to the tuning of biaxial strain in the Ge layers and the pressure response of the confined mode as hydrostatic pressure is varied. Both strain and confinement make comparable contributions to do/dP for the Ge layers in the superlattice examined here.
Raman scattering was used to study optical phonons in a Sil,Ge, strained-layer superlattice on c-Si(OO1) that was subjected to hydrostatic pressure at room temperature. The change of phonon frequency with pressure, do/dP, for the principal quasi-confined LO mode in the Ge layers, is found to be significantly smaller than that for bulk crystalline Ge. This difference is shown to be due to the tuning of biaxial strain in the Ge layers and the pressure response of the confined mode as hydrostatic pressure is varied. Both strain and confinement make comparable contributions to do/dP for the Ge layers in the superlattice examined here.
Ultrathin Si/Ge strained layer superlattices ( SLSs) have been grown recently with high quality crystallinity, by using molecular beam epitaxy (MBE), despite the significant lattice mismatch (-4%) between Si and Ge.t*' The electronic properties of Si/Ge superlattices are of particular interest because of the possibility of obtaining quasidirect-gap behavior through a combination of zone folding and strain effects.3-8 Raman studies of the structural properties of Si/Ge superlattices have yielded useful information on strain, confinement, and interfacial disorder.g-l* Of particular importance is the effect of strain, which can shift and split both the conduction band and valence band, and thereby change the band offsets.'* The application of high pressure provides a new method to study the effects of strain and confinement in layered structures. When hydrostatic pressure is applied to a SLS, the lattice mismatch between alternating layers changes because of the different compressibilities of the two materials in these layers. Consequently, in commensurately grown structures, biaxial strain can be tuned by varying the applied hydrostatic pressure. Moreover, the shift of each confined mode frequency with applied pressure differs from that of the zone-center longitudinal optical (LO) phonon because the Griineisen parameter varies across the LO phonon dispersion curve. We present a Raman study of the strains in SLSs by subjecting a Si/Ge superlattice to high pressure in a diamond anvil cell (DAC), and then analyzing it by Raman spectroscopy. The change in phonon frequency of the strained Ge layer with pressure is shown to be lower than that of bulk c-Ge, and this is attributed to the change of strain and the effect of confinement in these pseudomorphic layers with applied pressure. This is apparently the first Raman study of a SLS subjected to hydrostatic pressure.
The superlattice was grown by MBE on top of a 2700 A Si buffer layer which had been grown on a Si(OO1) substrate. The growth temperature was 375400 "C. The basic unit of the superlattice sample consists of 12 monolayers of Si followed by 4 monolayers of Ge (Si,,Ge,), and is repeated 25 times. A 140 A Si cap layer was grown to protect the superlattice. The SLS substrate was mechanically thinned to 50 pm, and then loaded along with ruby chips and a 4:l methanol-ethanol fluid mixture into a gasketed Mao-Bell diamond anvil cell in order to apply hydrostatic pressure. The pressure (P) in the DAC was determined by using the calibration scale for ruby RI fluorescence versus pressure. Raman spectra of the Si/Ge SLS were taken at room temperature using 'the 4880 A line from a cw argon ion laser in the backscattering configuration, with dispersion by a triple grating spectrometer and detection by an intensified diode array. It was necessary to subtract the background diamond fluorescence from these spectra.
The Raman spectrum of this Si/Ge SLS is characterized by the presence of three main peaks, assigned in order of increasing energy to Ge, Ge-Si-like, and Si vibrations. Two representative Raman spectra are shown in Fig. 1 , corresponding to ambient pressure ( 1 bar) and 62.5 kbar, the maximum applied pressure in the experiment. As applied pressure is increased within this range, the biaxial strain in the Ge layers decreases from -4.0% to -3.3%. Only one Ge peak was found, at 308.0 cm-' for P = 1 bar; it was asymmetric with a tail towards lower energy. This peak corresponds to the principal quasi-confined mode in the Ge layers, and is shifted in energy with respect to that in bulk c-Ge (301.3 cm-' at P= 1 bar). The big Si peak near 520 cm -' is from the unstrained c-Si contributed by the cap layer, superlattice Si layers, the buffer layer, and the substrate.
The Raman shifts of each feature versus pressure are shown in Fig. 2 . Least-square straight lines are also plotted for these data, yielding dw/dP values for each peak. do/dP is 0.31*0.03, 0.45*0.03, and 0.47hO.02 cm '/kbar for the Ge, Ge-Si-like, and Si peaks, respectively. For comparison, the Raman shifts versus pressure for bulk c-Ge and c-Si were also measured in this same pressure range, giving 0.37 *to.02 and 0.49 AO.02 cm -'/kbar for c-Ge and c-Si, respectively. dw/dP for the Ge phonon in the SLS is 0.06 cm -'/kbar smaller than that in c-Ge. Lattice dynamics and Iinear chain model calculations of SifGe SLSS"~*'~ show that there are confined modes in thin Si layers, and quasi-confined modes in thin Ge layers, even though the Ge optic and Si acoustic modes-overlap in energy. In most Raman studies of Si/Ge SLSs only the principal quasi-confined Ge mode is observed. The higherorder modes are usually weak and sensitive to the interfacial ordering. * *,14,1s At ambient pressure, the frequency of the principal confined Ge optic phonon in the SLS examined here is 6.7 cm I" ' higher than that in c-Ge. The compressive stress in the Ge layer is expected to increase w by 15.8 cm -', suggesting that the quasi-confinement decreases o by .-9 cm -** This conclusion agrees with other experimental results and with an estimate from the LO phonon dispersion curve.L'* Both theory and experiment '"" agree that the confinement shift for the principal Si optic mode is rather small ( < 2 cm -' ) for the 12 monolayer Si layers in this SLS. The strain-induced shift in these Si layers is virtuahy zero since the SLS is pseudomorpbitally grown on a Sisubstrate. Therefore, the confined pho- 
where the w. is the frequency of the c-Ge zone-center LO phonon, p and q are the Ge deformation potentials defined in Ref. 6, and eii are the diagonal elements of the strain tensor. In the presence of hydrostatic pressure and biaxial stress, eii can be decomposed into eii = ~~~~~ -f-t$". E:/) is the hydrostatic strain, which has the form p.&(k) &hl_ xx "w z+ .~-P/(cy;e + 2cy;,"),
where C$Jc and ($2 are the eIastic constants for Ge, and P is the applied hydrostatic pressure. The biaxial strain in theGe layers is
where a(P) is the lattice constant at pressure P; also c$ = -(Zcp/c";;", db) xx'
Inserting Eqs. (2)- (4) into Eq; (1) gives w=wo+--$g-pgp$-1) -i;=&;I&P where a0 is the lattice constant at ambient pressure. The second term on the right-hand side is the usual lattice mismatch correction due to the compressive strain in Ge layers at ambient pressure, which gives the .+ 15.8 cm -' contribution mentioned earlier. The third term is due to hydrostatic pressure applied to bulk Ge. The fourth term is due to the change in Ge and Si lattice constants with pressure because Ge and Si have different compressibilities; this results in a decrease in compressive strain in Ge Iayers with increasing pressure. Inclusion of confinement can modify Eq. (51 in two ways. ( 1) At ambient pressure, the confined Ge modes for an n-atom layer are not at the zone center frequency oo, but at frequencies wim), which are obtained approximately by zone folding the bulk LOO dispersion curve at lifmf = mi-hd,, " where-do is the monolayer spacing and m = 1,2*~=-n. This assumes no coupling between confinement and strain, and perfect interfaces. The m = 1 mode corresponds to the principal confined mode; which is at 0.5(Zr/a) for the Ge layers of the SLS, where a = 4do is the lattice constant. Consequently, w. should be replaced by w$) (k = r/a). (2) Since the Griineisen parameter y varies across the bulk LO phonon dispersion curve,-the pressure-dependent "bulk" contribution, which is the third term on the right-hand side in Eq. ( 5)) will be different for each confined mode. Calculations" suggest that y for LO phonons decreases by -0.044 as k increases from 0 to ?r/a along (001) in Ge; though this has not been verified experimentally, this value will be assumed here. Since the principal confined mode in the Ge layers is at n-/a, the difference in dw/dP between k=rr/a and k = 0 is estimated to be 3 (y&, + wok)
where Awe = 0:') -o. = -9.0 cm -*. With y -_ (p -l-2q)/6& p and q at k=?r/a can be obtained assuming either that p, q, and y change proportionately from k = 0 to r/a or that (p -q)/2& = 0.23, for c-Ge.16 In either case, it is seen that the effect of confinement on the fourth term in Eq. (5) is negligible.
Using the parameters listed in Table I for Si and Ge, dw/dP for principal confined Ge mode in the Si/Ge SLS, and the zone center optic phonons in c-Ge and c-Si are expected to be 0.3 14, 0.355, and 0.48 1 cm -'/kbar, respectively, excluding confinement effects. The effect of strain in the Ge layers is expected to decrease do/dP by 0.041 cm.-',&bar relative to c-Ge. Inclusion of the confinement term decreases the expected value of do/dP in the Ge layers of the SLS to 0.286 cm -'/kbar, which is 0.069 cm -'/kbar lower than the c-Ge value. Our corresponding experimental values are 0.3 1 f 0.03, 0.37 f 0.02, and 0.49 *0.02 cm -'/kbar for the SLS Ge, c-Ge, and c-Si. This experiment shows that the effects of strain and confinement decrease dw/dP in the Ge layers by 0.06 cm -'/ kbar relative to that in c-Ge, which is within experimental error of the prediction. Our measured dw/dP values for c-Si and c-Ge are in agreement with the values obtained using p and q, and with previously measured values 0.52 ho.03 cm -'/kbar for c-Si" and 0.385 &to.005 cm -'/ kbar for c-Ge," which included a p term in analyzing o(P) . Including this quadratic term in our analysis brings our dw/dP values even closer to those in Refs. 18 and 19.
In conclusion, the difference between dw/dP for the principal quasi-confined LO mode in Ge layers in a Si/Ge SLS and that in bulk c-Ge can be explained by biaxial strain and confinement. The perturbation on dw/dP for Ge due to confinement is comparable in magnitude and has the same sign as that due to strain. In contrast, confinement and strain lead to perturbations of roughly comparable magnitudes but opposite signs in the Raman frequency measurement at ambient pressure. With improved precision, the Griineisen parameter for Si and Ge LO phonons from the I to the X point can be determined from Raman measurements of dw/dP in Si,Ge, SLSs on (001) substrates for different II and m, and that for several other optical branches can be obtained using SLSs grown on substrates with different crystal orientations.
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